Triploidy is one of the most frequently observed chromosome abnormalities in spontaneous abortions in humans. The parental origin of the additional chromosome set is known to have a major impact on the phenotype of the foetuses and to result in differences in size and structure of the placenta. Early studies based on cytogenetic polymorphisms indicated a preponderant diandric origin of the triploidies; such detection method, however, is known to be prone to error. Other studies revealed a predominant digynic origin in cases with longer intrauterine survival. It is now thought that, to some extent, a detection bias in favour of cases with associated partial hydatidiform moles may account for the high incidences of diandric cases reported in some studies. Furthermore, depending on the gestational age of the cases analysed there may indeed be differences in the proportion of diandric and digynic triploidies. We investigated the parental origin and mechanisms of formation of triploidy in a group of 25 probands with gestational ages ranging from 8 to 37 weeks. DNA samples were extracted from foetal material and from blood samples of the parents, and were analysed using microsatellite markers. The parental origin of the triploidies was found to be maternal in 20 cases and paternal in 5. Regarding the digynic cases, an error at meiosis I was inferred in 10 cases, whereas in the other half an error occurred at meiosis II. All five diandric cases included in this study were found to be due to dispermy. No significant differences in the average maternal ages were found amongst the different subgroups of patients. European Journal of Human Genetics (2000) 8, 911-917.
Introduction
It is estimated that triploidy is one of the major causes of spontaneous abortion in humans. [1] [2] [3] Two distinct phenotypes are known to be associated with triploidy. A minority of foetuses presents with moderate growth retardation, proportionately sized body parts and particularly large placentas with partial hydatidiform mole (type I [4] [5] [6] ). The second more common phenotype includes a more severe growth retardation. Typical in such cases is a relative macrocephaly resulting from the uneven development of body parts, with a particular growth retardation of the trunk and limbs (type II [4] [5] [6] ). Features that are often observed in both groups include syndactylies, usually involving the third and fourth fingers and toes and heart defects.
Mechanisms by which triploidies can occur are the fertilisation of a diploid gamete with a normal haploid gamete, the fertilisation of a normal ovum by two spermatozoa, or an initial mitotic error due to the duplication of one of the two pronuclei. Diploid gametes would result from a defective segregation at meiosis I or meiosis II or the incorporation of a polar body.
A number of studies are reported in the literature regarding the parental origin and mode of formation of triploidies. Whilst the reports are concordant regarding the association of a paternal origin of the additional haploid chromosome set with the type I phenotype and a maternal origin with the type II phenotype, they are discordant in regard to other issues. The proportion of diandric and digynic cases, for instance, is still unclear. Early studies, based on the analysis of cytogenetic polymorphisms, suggested a clear predominance of diandric cases. [7] [8] [9] More recent studies, based on the those of paternal origin in foetuses with gestational ages of 10 weeks or more. 5, 10 Reasons for the discrepancies could be first of all related to the different methods used for ascertaining the parental origin of the triploidies; indeed, the use of molecular markers as opposed to cytogenetic polymorphisms allows a higher degree of accuracy. A further reason for the apparently contradictory results of different studies could be attributed to a detection bias in favour of cases associated with an abnormal placenta in early gestational ages. This aspect, together with a possible correlation between the parental origin of the triploidy and the gestational age at intrauterine death, could lead to marked variances in the observed ratio of digynic and diandric cases at different gestational ages. The work presented here adds to the as yet limited number of reports addressing the origin and mode of formation of triploidies investigated using molecular markers.
Subjects and methods
The clinical features and gestational ages of the 22 foetuses and three live-born probands with triploidy are summarised in Table 1 . When available, information regarding the placenta was also indicated. In our group of probands, abnormal sonographic findings were the most frequent instigation for further investigations and diagnosis of triploidy (cases 5-8, 11-14, 17-19, 21, 22 and 24) . A second group (cases 1, 9, 10 and 16) were diagnosed by routine cytogenetic investigations carried out because of advanced maternal age; others were diagnosed at autopsy (cases 2, 3, 4 and 23). Case 25 was the product of an in vitro fertilisation; the abnormal phenotype was detected by chromosome analysis of a chorionic villus biopsy. The remaining three cases (15, 18, and 20) were referred to us without information as to when the diagnosis was made.
DNA was extracted by standard procedures from autopsy tissue samples of the probands 1-24, from chorionic villi of case 25, and blood samples of their parents. Determination of the parental origin and time of formation of the triploidies was carried out using microsatellite primers purchased from Research Genetics (Huntsville, AL, USA). The microsatellite markers were used in polymerase chain reactions (PCR) consisting of 35 cycles of a denaturing time of 30 s (3 min in the first cycle) at 94°C, an annealing temperature ranging from 52°C to 60°C, depending on the optimal temperature for each marker, for 45 s, and primer extension at 72°C for 1 min. The reactions were carried out using a Perkin Elmer PCR cycler. The PCR products were separated on 6% denaturing polyacrylamide gels and visualised by silver staining using standard procedures. The Généthon and GDB linkage maps were consulted for the localisation of the microsatellite markers.
The parental origin of the additional haploid chromosome set was determined based on a range of highly polymorphic microsatellite markers. The time and mode of formation was analysed using pericentromeric markers, whereby a number of chromosomes were investigated for each family. For digynic cases, informative markers that reveal two distinct maternal alleles at pericentromeric positions in the proband are suggestive of an error at the first meiotic division. The presence of only one of two distinct maternal pericentromeric alleles in the proband, on the other hand, is suggestive of an error at meiosis II. However, due to possible meiotic crossovers in proximity of centromeres, consistent results are not to be expected for all pericentromeric regions of a proband. Thus, for each digynic case, the mode of formation was defined based on the majority of different pericentromeric regions suggestive of either meiosis I or meiosis II. A mitotic duplication of the maternal pronucleus would result in the presence of only one of two distinct maternal alleles for all markers (pericentromeric as well as distal markers). Similarly, in cases of paternal origin, the vast majority of pericentromeric informative markers are expected to show two distinct paternal alleles in cases where an error occurred at meiosis I (this applies to probands with the karyotype 69,XXY) and only one of the paternal alleles in the cases where an error occurred at meiosis II (probands with the karyotypes 69,XXX and 69,XYY). A mitotic error would result in the presence of only one distinct paternal allele for all markers (probands with the karyotypes 69,XXX and 69,XYY). An additional mode of formation of diandric cases is dispermy, whereby the random segregation of chromosomes during spermiogenesis would lead to an approximately even distribution of two identical and two different paternal centromeres for all chromosomes in the zygote. The 69,XXY, 69,XYY and 69,XXX karyotypes can be expected in these cases. Three distinct alleles at pericentromeric regions, detected in a diandric 69,XXX case, are suggestive of dispermy. By the same token, two copies of the same paternal pericentromeric allele, in a 69,XXY proband, are also indicative of dispermy.
Results
Included in the study were all cases with triploidy referred to our Institute for which DNA samples from the probands and parents were available. The karyotypes of the probands, listed in Table 2 , were previously determined using conventional cytogenetics, the majority of which were performed in our Institute. Fourteen cases had the karyotype 69,XXX and 11 had the karyotype 69,XXY.
The microsatellite analysis aimed at determining the parental origin of the triploidies revealed a maternal origin in 20 cases and a paternal origin in five cases. The markers informative as to the parental origin are underlined in Table  2 ; examples are given below. Of the digynic cases, 13 had the karyotype 69,XXX, and 7 had the karyotype 69,XXY; one diandric case had 69,XXX and four had 69,XXY. The assessment of the time and mode of formation of the triploidies was more arduous. For all probands at least one Triploidy: parental origin and mode of formation y marker each showed the presence of three distinct alleles (indicated in italics in Table 2 , see below for detailed examples), excluding a mitotic error as the mode of formation. Pericentromeric microsatellite markers for a number of chromosomes were investigated for each family and are listed in Table 2 as either supportive of meiosis I (or dispermy) or meiosis II (or dispermy). Where more than one pericentromeric marker for a given chromosome was informative, only the most proximal marker per chromosome was considered when assessing the time and mode of formation. Of the 20 digynic triploidies, 10 cases were attributed to errors at meiosis I and at meiosis II. All five diandric cases were found to be due to dispermy, thus indicating that the error occurred at fertilisation. Information regarding the interpretation of the results is also provided in the Methods section and a detailed description of the results obtained for a couple of probands should now clarify the different information gained from various markers. For instance, a total number of seven markers for proband 4 showed a maternal origin of the additional haploid set (underlined markers); three markers showed the presence of three distinct alleles which exclude a mitotic error (italics); and an error during meiosis II was inferred in this case because a larger number of markers at different pericentromeric regions was suggestive of MII (five markers) compared with those suggestive of MI (three markers). A second example is proband 10: a total of eight markers demonstrated the paternal origin of the additional haploid Only the maternal DNA sample was available. Underlined markers are those that were informative as to the parental origin of the additional haploid set of chromosomes. Markers indicated in italics indicate those markers that showed three distinct allele sizes in the proband.
Triploidy: parental origin and mode of formation y set; eight markers showed the presence of three distinct alleles which exclude a mitotic error; an error during meiosis II could be excluded based on the karyotype 69,XXY and dispermy was inferred because an even number of informative markers was detected at different pericentromeric regions which were suggestive of either 'MI or dispermy' (five markers, four different chromosomes) or 'MII or dispermy' (four markers). For proband 10, marker 9 resulted in the following alleles: proband 'abd', mother 'bc', father 'ad'. Thus, in Table 2 this pericentromeric marker is underlined because two of the proband's alleles are clearly derived from the father. It is shown in italics because three distinct alleles are present and because both of the paternal alleles are present it is listed under the column 'markers at p12-q12 suggestive of MI or dispermy'. Further markers for this proband listed in the same column are, for example, marker 7 (proband 'abc', mother 'ac', father 'bc'), which is shown in italics but is not informative as to the parental origin of the triploidy; and marker 6 (proband 'aab', mother 'aa', father 'ab') which is not informative as to the parental origin nor are there three distinct alleles. However, given that the triploidy is of paternal origin the proband must have inherited alleles 'ab' from the father (thus the two different paternal alleles) and 'a' from the mother. Whilst in some cases clear intensity differences can be seen between the probands' alleles (eg marker 33: proband 10 'bbc', mother 'ac', father 'ab', whereby the proband inherited two copies of the same paternal allele), in other cases determination of parental origin based on intensity differences can be difficult (eg marker 12: proband 10 'bc', mother 'cc', father 'ab'). Again, given that the triploidy is of paternal origin, the proband must have inherited two copies of the allele 'b' from the father (thus only one of the two distinct paternal alleles) and 'c' from the mother. Markers which are not informative as to MI, MII or dispermy are, for instance, marker 14 for proband 10 (only the allele 'a' is present in the family) and marker 19 (proband 10 and both parents have the alleles 'ab'). Marker 19 in proband 6 (proband 'acc', mother 'cc', father 'ab') is informative as to the maternal origin of the triploidy but is not informative as to MI or MII because it is not possible to distinguish the two maternal alleles.
Listed in Table 3 are the numbers of cases in each category, ie MI, MII or dispermy, subdivided according to the parental ages. An overview of the gestational ages of the probands, their sex, parental origin, mode of formation and maternal age are schematically illustrated in Figure 1 .
Discussion

Parental origin
The results we obtained by investigating a group of 25 cases for parental origin of triploidies corroborate previous molecular studies which reported a preponderant maternal origin of triploidies in foetuses with gestational ages of 10 weeks or more. Of the 23 cases above the 10th week of gestation we detected a maternal origin in 19 (82.6%). This value is slightly higher than that reported in other studies based on molecular analysis. In a group of eight foetal triploidies, McFadden and colleagues 5 determined a digynic origin in 75% of cases; and 78.5% of digynic cases was reported by Miny et al 10 in a study of 14 foetal triploidies. The foetal phenotypes detected in our group of patients are in agreement with those typically detected according to the parental origin of the additional haploid chromosome set.
Mode and time of formation
We assigned half of the digynic cases described in this study to errors at meiosis I and the other half to errors at meiosis II. However, it must be said that the high rate of meiotic crossovers at pericentromeric positions during oogenesis made the distinction between errors at meiosis I or II rather difficult in some digynic cases (eg cases 4, 21 and 22). Our Figure 1 Gestational ages of the probands, the parental origin of the additional haploid chromosome set and the mode of formation in relation to maternal ages. Circles and squares indicate females and males, respectively; the numbers beside each symbol indicate the cases reported in Tables 1 and  2 . Open and filled symbols indicate cases due to errors at meiosis I and meiosis II, respectively; hatched symbols indicate cases due to dispermy; arrows indicate live births. The mode of formation of diandric cases, on the other hand, was easier to ascertain because of the valuable indication provided by the karyotypes with respect to the sex chromosomes. All five diandric cases in this study were due to dispermy. Such a high level of dispermy is in agreement with previous studies based on cytogenetic polymorphisms. 2, 11 To the best of our knowledge this is the first report addressing the mode of formation of diandric cases using molecular analysis. No significant differences in the average maternal ages were detected in our series (cases due to digynic meiosis I errors: 31.8 years; digynic meiosis II errors: 31.5 years; and diandric: 30.5 years). The average maternal age for live births in Switzerland was 30.2 years in 1998 (data from the Swiss National Office of Statistics).
Intrauterine and postnatal survival
In the vast majority of cases triploidy leads to embryonic or foetal loss. Only a small number of pregnancies result in a live birth, and the newborns usually survive for only a couple of days. Rare cases have been reported where infants with triploidy survive beyond the neonatal stage, 12-17 the longest survival reported as yet in an infant with non-mosaic triploidy was 10 1 2 months. 16 The lack of detection of triploid foetuses with the karyotype 69,XYY in this and other studies appears to reflect a very early loss of the conceptus 2,5,10,11 An explanation for this phenomenon could be an insufficient ratio of X chromosomes per haploid set. It is generally thought that triploidies of maternal origin have a longer intrauterine survival compared with those of paternal origin. A larger number of cases will be needed in order to confirm this hypothesis. The difficulties in assessing the intrauterine survival in relation to the parental origin of triploidy are manifold. In the early gestational weeks a detection bias is to be expected in favour of cases with placental abnormalities, and many spontaneous abortions without placental abnormalities will not be detected. 8, 18, 19 Furthermore, an induced abortion, following prenatal detection of triploidy, is highly recommended due to the inevitably bad prognosis for the foetus and the risks for the mothers especially with respect to severe midtrimester gestosis/pre-eclampsia in diandric triploids with hydatidiform placental changes. As far as live-born neonates are concerned the available intensive care and ethical aspects may have an influence on the survival time. In our group of probands the high number of cases with gestational ages of about 18 to 22 weeks reflect the frequent induced abortions following prenatal diagnosis, such that comparisons of intrauterine survival are not meaningful. Interestingly, however, the triploidies in two of the three liveborn infants are of paternal origin and the overall survival of the triploidies of paternal origin in our group of patients is comparable with that of digynic cases. In practice, the most important conclusion of this and similar studies is that, unlike other numerical chromosome aberrations (eg trisomies), the incidence of triploidies does not increase in women of advanced childbearing age. Thus, the early detection of affected foetuses relies primarily on prenatal screenings routinely performed for the majority of pregnancies such as ultrasonography 20, 21 (which allows the detection of growth retardation, disproportionately large head, hydatidiform placental changes, myelomenigocele, and syndactylies), the AFP test, 22 low maternal estriol excretion and, in a proportion of diandric triploidies, excessive maternal serum-gonadotropin levels. On the basis of the results presented in this report, it would seem that the determination of paternal versus maternal origin of the triploidy does not allow any conclusion as to the survival of the foetuses and prognosis.
